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Metazoans adapt to changing environmental condi-
tions and to harmful challenges by attenuating
growth and metabolic activities systemically. Recent
studies in mice and flies indicate that endocrine
signaling interactions between insulin/IGF signaling
(IIS) and innate immune signaling pathways are
critical for this adaptation, yet the temporal and
spatial hierarchy of these signaling events remains
elusive. Here, we identify and characterize a program
of signaling interactions that regulates the systemic
response of the Drosophila larva to localized DNA
damage. We provide evidence that epidermal DNA
damage induces an innate immune response that is
kept in check by systemic repression of IIS activity.
IIS repression induces NFkB/Relish signaling in the
fat body, which is required for recovery of IIS activity
in a second phase of the systemic response to DNA
damage. This systemic response to localized DNA
damage thus coordinates growth and metabolic
activities across tissues, ensuring growth homeo-
stasis and survival of the animal.
INTRODUCTION
Repression of IIS Activity as an Adaptive Response
to Stress
Tissue growth and metabolic activities in diverse tissues are
coordinated by endocrine processes to allow the organism to
adapt to changes in extrinsic and intrinsic conditions (Leopold
and Perrimon, 2007; Tatar et al., 2003). The insulin/IGF signaling
(IIS) pathway is a critical mediator of such coordination, playing
a central role in the metabolic and proliferative adaptation to
stress and nutrition, and thus influencing lifespan. Repression
of IIS has been established as an evolutionarily conservedmech-
anism that promotes diapause in invertebrates in response to
environmental challenges, and extends lifespan both in inverte-
brates and vertebrates (Karpac and Jasper, 2009; Tatar et al.,
2003). Repression of the growth hormone/IGF axis is also
observed in mice experiencing chronic DNA damage due to
mutations in DNA repair components (Niedernhofer et al.,
2006; Schumacher et al., 2008; van der Pluijm et al., 2007). Para-
doxically, these mice exhibit phenotypes similar to human pro-Develgeria (which is caused by corresponding mutations in human
DNA repair molecules), while, at the same time, showing
enhanced cytoprotection. The repression of IIS activity in these
genetic backgrounds, rather than being a cause for the progeria
phenotypes, is thus likely part of an adaptive response to chronic
DNA damage that limits proliferation of damaged stem and
progenitor cells, and promotes tissue repair (Schumacher
et al., 2008).
The signaling mechanisms by which IIS activity is modulated
systemically in invertebrates in response to stress include an
antagonistic interaction between the Jun-N-terminal kinase
(JNK) signaling pathway and IIS that operates through cell-
autonomous as well as endocrine mechanisms (Hull-Thompson
et al., 2009; Karpac et al., 2009; Karpac and Jasper, 2009; Wang
et al., 2005). In vertebrates, similar antagonistic interactions
between JNK and IIS activities have been recognized as a cause
for insulin resistance and diabetes in obese animals (Sabio and
Davis, 2010). In many cases, reduced IIS activity results in
increased nuclear translocation of the transcription factor
Foxo, which promotes the expression of metabolic and growth
regulators, stress response genes, and cell cycle inhibitors
(Hull-Thompson et al., 2009; Junger et al., 2003; Karpac et al.,
2009; Puig et al., 2003).Interactions between Insulin Signaling and Innate
Immune Responses
In addition to the interaction of IIS with oxidative stress-respon-
sive signaling pathways, recent studies have identified evolu-
tionarily conserved signaling interactions with innate immune
signaling pathways. Drosophila and vertebrate Foxo proteins
regulate immune homeostasis by transcriptional control of anti-
microbial peptides (Becker et al., 2010), while the Toll signaling
pathway represses IIS activity in larval fat bodies of Drosophila,
influencing growth and metabolic homeostasis (Diangelo et al.,
2009). Also, chronic infection of Drosophila with mycobacterium
can cause decreases in Akt activation (increases in Foxo
activity), which leads to infection-induced wasting (Dionne
et al., 2006). The Drosophila innate immune response is regu-
lated by evolutionarily conserved signaling pathways, including
the Toll-Receptor and the immune deficiency (IMD) pathways,
which regulate specific NFkB-like transcription factors (Dif and
Dorsal are activated in response to Toll activation, while Relish
is activated by the IMD pathway) to induce a battery of anti-
microbial peptides and other secreted stress-response mole-
cules (Lemaitre and Hoffmann, 2007). In addition the Janus tyro-
sine kinase/signal transducer and activator of transcriptionopmental Cell 20, 841–854, June 14, 2011 ª2011 Elsevier Inc. 841
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humoral and cellular responses to septic and aseptic injury.
JAK/STAT signaling regulates expansion of circulating blood
cells (hemocytes), one of the main effectors of the Drosophila
cellular innate immune response (Pastor-Pareja et al., 2008).
Hemocytes, via JAK/STAT signaling, can also regulate the
induction of humoral response genes in peripheral tissues after
septic injury, highlighting the importance of these blood cells in
the coordination of the systemic innate immune response
(Agaisse et al., 2003). Accordingly, hemocytes are required for
survival after septic injury (Charroux and Royet, 2009; Defaye
et al., 2009).
Hemocyte-mediated innate immune responses are also
involved in the generation of melanization in insects (Nappi
et al., 2005; Rizki and Rizki, 1983). This cellular immune response
includes both hemocyte aggregation, as well as phagocytosis
and encapsulation of foreign bodies (Agaisse and Perrimon,
2004). Melanization in insects aids in the killing of foreign bodies
after infection, as well as the induction of scab formation after
wounding (De Gregorio et al., 2002; Galko and Krasnow, 2004).
Recent studies suggest that JNK-mediated secretion of the
JAK/STAT-activating cytokines Unpaired 1–3 (Upd 1–3) from
damaged cells and tissues is a critical step in the innate immune
response (Babcock et al., 2009; Jiang et al., 2009; Pastor-Pareja
et al., 2008). Upds are homologs of interleukins 2 and 6 that bind
an IL-6R type receptor, Domeless (Dome), activating a Janus
kinase (JAK) called Hopscotch (Hop) and promoting the translo-
cation of STAT92E to the nucleus (Agaisse and Perrimon, 2004;
Pastor-Pareja et al., 2008). How these innate immune responses
to injury or stressful stimuli are integrated spatially and tempo-
rally with processes regulating systemic growth and metabolic
homeostasis remains to be established.
Here, we characterize the systemic response of theDrosophila
larva to localized DNA damage, establishing a cascade of endo-
crine interactions between insulin signaling and innate immune
signaling pathways that regulate growth and survival. We show
that UV irradiation elicits a classic innate immune response
that includes systemic activation of JAK/STAT signaling, hemo-
cyte expansion, and widespread melanization. This response
depends on epidermal DNA damage, as it is exacerbated in
larvae that are mutant for the DNA repair molecule mei-9
(a homolog of vertebrate XPF) and can be rescued by specific re-
expression of Mei-9 in the epidermis. Interestingly, we find that
this response is accompanied by a hemocyte-dependent
repression of IIS activity, a process correlated with repression
of the cellular innate immune response and increased survival
(but reduced growth). Reduced IIS activity in the larval fat
body, in turn, results in the induction of the NFkB/Relish pathway
in this tissue, initiating a second phase of the systemic response
to DNA damage, in which systemic IIS activity recovers, ensuring
normal growth of the animal. Our results thus establish
a temporal and spatial hierarchy of endocrine interactions
between insulin signaling and innate immune responses that
ensures systemic homeostasis in a multicellular organism.
RESULTS
To study the systemic consequences of localizedDNAdamage in
a temporally and spatially controlled fashion, we assessed the842 Developmental Cell 20, 841–854, June 14, 2011 ª2011 Elsevier Ieffects of UV irradiation in wild-type Drosophila larvae, as well
as in larvae deficient in the XPF homolog Mei-9. Mei-9/XPF is
the catalytic subunit of the XPF-ERCC1 nuclease, and is required
for nucleotide excision repair (Sijbers et al., 1996a, 1996b),
a pathway that is critical for repair of UV-induced lesions in flies
when photorepair is inhibited. Mutations in XPF/ERCC1 in hu-
mans andmice result in premature aging aswell as strong repres-
sionof thegrowthhormoneaxisand IIS (Niedernhoferet al., 2006).
An Innate Immune Response to Localized DNA Damage
Drosophila mei-9 mutants exhibit increased sensitivity to UV
irradiation compared to wild-type flies (Figure 1A; Radford
et al., 2005). When UV irradiated at the late second-instar larval
stage (60 hr after egg laying), larvae homozygous or hemizygous
for the loss-of-function allele mei-9a eclose at lower rates than
wild-type (OreR) control larvae (Figure 1A). Irradiated larvae
exhibit a dose-dependent melanization response that progres-
sively worsens (both in amount of melanization as well as pene-
trance) as the larvae reach puparium, and can first be observed
24 hr after treatment. The melanization is generally of two types:
melanized tissue directly under the cuticle (see Figure S1 avail-
able online), or melanotic nodules present in the body cavity (Fig-
ure 1B). While melanization is observed in both wild-type as well
as mei-9 mutants, the mutants are highly sensitized, exhibiting
significant melanization at 20 mJ/cm2 (a dose that does not
affect wild-type larvae), suggesting that it stems from the lack
of DNA repair (Figures 1B and 1D). Consistent with the increased
melanization, we observed a significant increase in hemocyte
numbers in low-doseUV-treatedmei-9mutant larvae (Figure 1C).
A similar response is observed in wild-type animals at higher
doses of UV (50 mJ/cm2, Figures 1A and 1C), indicating a quan-
titative, rather than qualitative, difference in the response of
these two genotypes to UV irradiation. Importantly, the use of
a sensitized background allows using UV doses that ensure
limited penetration of the larval body, limiting DNA damage to
the exposed epidermis. Accordingly, restoring Mei-9 expression
in the epidermis alone (A58Gal4 driver) was sufficient to fully
rescue the mortality (not shown) and melanization phenotypes,
while restoring Mei-9 in other tissues, including the hemocytes
(pxnGal4) and fat body (pplGal4 or C7Gal4), had very little effect
(Figure 1D). Similarly, specifically reducing Mei-9 in the
epidermis (using an RNAi line) of wild-type animals results in
increased sensitivity to UV treatment (Figures S2A and S2B).
UV-treated larval epidermal cells can be retained during meta-
morphosis, preventing proper establishment of adult epidermis
by histoblasts, and resulting in adult flies lacking cuticle (Sasaki
and Sakka, 1978). Accordingly,mei-9mutant flies, but not OreR
controls, treated at larval stages with low doses of UV emerge as
adults with severe cuticle defects (Figures S2C and S2C0).
Similar to the melanization phenotype, this cuticle defect can
be rescued by specifically overexpressing Mei-9 in the larval
epidermis (Figures S2D and S2D0). These data further confirm
that the epidermis is the primary tissue experiencing UV-induced
DNA damage in mei-9 mutants.
JAK/STAT Activation after Epidermal-Specific DNA
Damage
Hemocyte expansion in response to localized tissue damage
can be induced by the JAK/STAT-signaling pathway in fliesnc.
Figure 1. UV Treatment of mei-9 Mutant
Larvae Reveals that Epidermal-Specific
DNA Damage Induces an Innate Immune
Response
(A) Survival (eclosion) of mei-9 mutants and wild-
type larvae after UV treatment (compared to
untreated larvae of same genotype). Mean ± SD
(n = 3–4 cohorts from one experiment).
(B) Melanization phenotype inmei-9mutants after
UV treatment. Melanotic nodules in larvae (24 hr
after treatment) and pupae (P24, approximately
50–60 hr after treatment). Penetrance of melani-
zation phenotype in mei-9 mutants.
(C) Changes in hemocyte cell number in mei-9
mutant larvae after UV treatment (24 hr after
20 mJ/cm2 dose) and wild-type OreR larvae
after treatment with higher doses (24 hr after
50 mJ/cm2 dose). Mean ± SD (n = 7–8 samples).
(D) Penetrance of melanization in mei-9 mutants
overexpressing Mei-9 (UAS-Mei-9) in various
tissues including fat body (mei-9; C7G4 > UAS-
Mei-9 and pplG4 > UAS-Mei-9), hemocytes (mei-
9; pxnG4 > UAS-Mei-9), and epidermis (mei-9;
A58G4 > UAS-Mei-9) compared to controls
(mei-9; UAS-Mei-9/+(w1118)). Mean ± SD (n = 3–4
cohorts from one experiment).
(E) JAK/STAT activation in mei-9 mutant larvae
(using a STAT-GFP [green] reporter) after UV
treatment (24 hr) in whole larvae and hemocytes
(cells labeled with DAPI, white). A 23 STAT-GFP
reporter (mei-9;; 2xSTAT-GFP) was used for
experiments in whole larvae, and 103 STAT-GFP
reporter (mei-9; 10xSTAT-GFP) was used for
experiments in hemocytes (treated larvae
selected for the presence of melanized tissue).
(F) unpaired (upd) transcription (upd2 and/or
upd3) measured by qRT-PCR in mei-9 mutant
larvae 24 hr after UV treatment or in wild-type
OreR larvae after treatment with higher doses
(12 hr after 50 mJ/cm2 dose).
(G) upd transcription in mei-9 mutant larvae
overexpressing Mei-9 in the epidermis. Mean ±
SD (n = 4–6 samples).
(H) Penetrance of the melanization phenotype in
mei-9 mutants overexpressing a dominant-nega-
tive form of Bsk(JNK) in the epidermis (mei-9;
A58G4>UAS-BskDN). Mean ± SD (n = 3–4
cohorts from one experiment). (See also Figures
S1 and S2.)
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pathway also mediates the hemocyte response observed in
response to UV-induced DNA damage, we assessed the activity
of JAK/STAT signaling using GFP reporters (controlling GFP
under the control of either two or ten individual Stat-binding
sites) (Ekas et al., 2006). Within 12 hr of irradiation, JAK/STAT
activation was observed widely (including in hemocytes) in UV-
irradiated mei-9 mutant larvae (Figure 1E). This activation was
associated with transcriptional upregulation of upds (upd2 and
upd3) in mei-9 mutants irradiated at low doses (Figure 1F). In
wild-type larvae, similar upd induction was observed after irradi-Develation at high doses (Figure 1F), but not after irradiation at lower
doses (Figure S3A). As observed in the melanization response
and cuticle phenotype, the upregulation of upd expression is in-
hibited when mei-9 expression is restored specifically in the
larval epidermis (Figure 1G), suggesting that epidermal DNA
damage is a critical signal for upd induction. Interestingly, the
induction of upd3, but not of upd2, is inhibited when hemocytes
are ablated genetically (by overexpressing the proapoptotic
gene Hid in mature hemocytes; Figure S1B). These results
indicate that, while both cytokines are induced in response to
epidermal DNA damage, hemocytes are the main source ofopmental Cell 20, 841–854, June 14, 2011 ª2011 Elsevier Inc. 843
Developmental Cell
Systemic Responses to DNA Damage in Drosophilaupd3 expression and/or are required to further propagate upd3
expression in other tissues. upd2, in turn, is induced in other
tissues, most likely in the damaged epidermis, as Upd induction
in damaged cells has been reported before (Babcock et al.,
2008, 2009; Jassim et al., 2003; Jiang et al., 2009; Luo et al.,
2007; Pastor-Pareja et al., 2008).
Upd expression can be induced by JNK signaling, which is
potently activated by UV irradiation and DNA damage (Babcock
et al., 2008, 2009; Jassim et al., 2003; Jiang et al., 2009; Luo
et al., 2007; Pastor-Pareja et al., 2008). We tested whether
JNK activity in the epidermis would be required for melanization
in UV-irradiated mei-9 mutant larvae. Indeed, melanization was
significantly reduced when a dominant-negative form of the
Drosophila JNK Bsk (BskDN) was expressed in the epidermis
(Figure 1H).
DNA damage in the epidermis of Drosophila larvae thus
induces a classical innate immune response (as described by
Agaisse and Perrimon, 2004; Agaisse et al., 2003; Pastor-Pareja
et al., 2008) that includes the induction of upd transcription, acti-
vation of JAK/STAT signaling systemically and in hemocytes, as
well as hemocyte expansion. Importantly, the use of mei-9
mutants provides a sensitized background that allows dissecting
endocrine tissue interactions governing this response, as the UV
dose required to elicit the systemic innate immune response can
be calibrated in these animals to only affect the epidermis.
Repression of Insulin Signaling Activity Limits
the Cellular Innate Immune Response
and Promotes Survival
The cellular innate immune response described above is
required for proper tissue repair as well as survival after septic
injury (Babcock et al., 2008; Charroux and Royet, 2009; Defaye
et al., 2009; Pastor-Pareja et al., 2008). Since we find that the
incidence of melanization correlates with increased mortality
(i.e., higher sensitivity to UV leads to stronger penetrance of
melanization), however, excessive hemocyte expansion might
also contribute to the decreased survival seen after UV irradia-
tion. Processes that limit this aspect of the innate immune
response might thus significantly impact the sensitivity of flies
to UV irradiation and might increase survival. Since repression
of IIS activity is a conserved response to stress in vertebrates
and invertebrates, and is found in mouse mutants for DNA repair
components (Niedernhofer et al., 2006; van der Pluijm et al.,
2007), we hypothesized that changes in IIS activity may be part
of such an adaptive process. We therefore tested if systemic
IIS activity is influenced in UV-irradiated mei-9 mutant larvae
by monitoring the expression of dilp2 and dilp5, two insulin-like
peptides secreted by neurosecretory insulin-producing cells
(IPCs) that are responsive to stress signaling or nutrient imbal-
ance, and can influence lifespan and stress tolerance in flies
(Broughton et al., 2005; Geminard et al., 2009; Karpac et al.,
2009; Rulifson et al., 2002; Wang et al., 2005). Strikingly, both
dilp2 and dilp5 transcription were significantly downregulated
within 24 hr in mei-9 mutant larvae that display a melanization
phenotype following irradiation with low doses of UV, as well
as in wild-type larvae irradiated at higher doses of UV (but not
in wild-types irradiated at low doses; Figure 2A and Figure S3B).
dilp3 expression remained unchanged after UV treatment (data
not shown). These changes in dilp expression are sufficient to844 Developmental Cell 20, 841–854, June 14, 2011 ª2011 Elsevier Isystemically repress IIS activity, as we observed transcriptional
activation of the Foxo target genes thor and InR in irradiated
larvae, as well as increased expression of lacZ from a thor
promoter (using a thor-LacZ reporter line) in peripheral tissues
after UV treatment, most noticeably in the fat body (Figures 2B
and 2C). Expression of dilp6, a dilp expressed in the fat body
that is regulated by Foxo (Okamoto et al., 2009; Slaidina et al.,
2009), is not significantly changed 24 hr after UV treatment
(Figure S4B). Importantly, we find that induction of thor transcrip-
tion is dependent on Foxo function, confirming that systemic IIS
repression results in Foxo activation and subsequent induction
of Foxo target genes (Figure 2B).
As observed in themelanization response, Mei-9 expression in
the epidermis could fully rescue the downregulation of dilp tran-
scription inmei-9mutants after UV treatment, further supporting
the idea that the observed systemic responses are initiated by
factors released from the epidermis in response to DNA damage
(Figure 2D).
Importantly, the significant repression of dilps correlates with
excessive or chronic hemocyte expansion in response to DNA
damage, as it is only observed in larvae with detectable melani-
zation and strong hemocyte expansion (Figure S4A). Genetically
ablating hemocytes abolishes the repression of dilp2 transcrip-
tion and the induction of thor after UV treatment, demonstrating
that hemocytes are required for the observed IIS repression.
Combined, these findings support the notion that UV-treated
mei-9 mutants downregulate dilp expression in response to
excessive hemocyte expansion (Figure 2E).
These findings are reminiscent of the attenuation of GH and
IGF levels in DNA repair-deficient mice, and suggest a potential
evolutionarily conserved adaptive response of the organism to
DNA damage that involves the IIS pathway. Since our results
indicated that hemocytes trigger the repression of IIS activity
after UV treatment, we hypothesized that reduction in IIS activity
might be required to balance the cellular innate immune
response and prevent excessive melanization, thus improving
survival of irradiated larvae. To test this, we asked if reducing
IIS activity genetically would be sufficient to influence the mela-
nization phenotype in mei-9 mutants. Indeed, reducing IIS
activity, through heterozygosity for chico (insulin receptor
substrate) or insulin receptor (InR), significantly decreases the
penetrance of the melanization phenotype (Figure 3A). This
effect is most likely mediated by a reduction of IIS activity in
hemocytes, as attenuating IIS specifically in these cells (using
a dominant-negative form of InR [InRDN]) also reduces melaniza-
tion (Figure 3A). Furthermore, reducing the gene dose of chico
also limits the expansion of hemocytes, while blocking IIS
repression (by overexpressing Dilp2 in IPCs) slightly enhances
hemocyte expansion after UV treatment (Figures 3B and 3C).
The effect of IIS activity on the cellular innate immune response
is consistent with findings showing that hemocytes in flies are
influenced by IIS (Stofanko et al., 2008) and that Dp110 (PI3
Kinase) is required in Drosophila hemocytes for their chemotaxis
to wound sites (Wood et al., 2006).
The reduced melanization in IIS loss-of-function conditions is
accompanied by increased larval survival, further supporting the
idea that IIS repression is adaptive in this context and that it is
required to limit an otherwise deleterious cellular innate immune
response (Figure 3D). Accordingly, overexpression of Dilp2 innc.
Figure 2. Hemocyte-Dependent Insulin-Signaling Repression after Localized DNA Damage
(A) Changes in dilp2 and dilp5 transcription inmei-9mutant larvae after UV treatment (20 mJ/cm2) at various time points and in OreR wild-type larvae 12 hr after
high-dose (50 mJ/cm2) UV treatment. Legend for (A) applies to all panels in this figure.
(B) thor and InR transcription measured 24 hr after UV treatment. thor transcriptional induction in wild-type larvae after UV treatment (12 hr) is Foxo dependent
(foxoW24/foxoW24).
(C) X-gal staining of larval fat bodies in treated (24 hr after 20 mJ/cm2 UV) and untreated mei-9 mutants with thor-LacZ.
(D) dilp2 and dilp5 transcription in mei-9 mutant larvae overexpressing Mei-9 in the epidermis.
(E) dilp2 and thor transcription after UV treatment (24 hr after 20 mJ/cm2 dose) in mei-9 mutant larvae with ablation of hemocytes (mei-9; hmlG4/UAS-Hid)
compared to controls (mei-9; hmlG4/+(w1118)). Mean ± SD (n = 4–10 samples).
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survival of irradiated mei-9 mutant larvae (Figure 3D).
Dilps, especially Dilp2, are major regulators of larval growth in
flies (Gronke et al., 2010; Ikeya et al., 2002). Accordingly,
epidermal DNA damage in mei-9 mutants leads to growth
repression: adult flies of both genders that emerge after UV treat-
ment are smaller (exhibiting reduced weight and wing size; Fig-
ure 3E; the same phenotype is observed in wild-type larvae
treated with higher doses; Figure S3D). Impairing dilp repressionDevelafter UV treatment by overexpression of Dilp2 in IPCs prevents
this growth repression (Figure 3F). Similarly, UV-induced growth
repression can be rescued by restoring Mei-9 specifically in the
larval epidermis (Figure 3F; changes in size are not due to differ-
ences in larval food intake, Figure S5).
Combined, these data suggest that DNA damage in the
epidermis induces a cellular innate immune response that
promotes JAK/Stat activation, hemocyte expansion, andmelani-
zation. Hemocytes are required for a repression of IIS activity,opmental Cell 20, 841–854, June 14, 2011 ª2011 Elsevier Inc. 845
Figure 3. Attenuating Insulin Signaling Can Limit the Cellular Innate Immune Response and Promote Survival
(A) Penetrance of the melanization phenotype (after 20 mJ/cm2 UV) in mei-9 mutants with either reduction of gene dose for Chico (mei-9; chico1/+) and
InR (mei-9;; InRE19/+) compared to controls (mei-9; +/+(ry506)) or overexpression of a dominant-negative form of InR (UAS-InRDN) in the hemocytes
(mei-9;; pxnG4.UAS-InRDN) compared to controls (mei-9;; pxnG4/+(w1118)). Mean ± SD (n = 3–4 cohorts from one experiment).
(B) Hemocyte expansion after UV treatment (24 hr after 20 mJ/cm2 dose) inmei-9mutants with reduction of gene dose for Chico, and (C) Dilp2 overexpression in
IPCs (mei-9/y; dilp2Gal4/UAS-Dilp2). Mean ± SD (n = 15 samples).
(D) Survival ofmei-9mutant larvae (after UV treatment, compared to untreated larvae of same genotype) with either overexpression of Dilp2 in the IPCs (mei-9/y;
dilp2Gal4/UAS-Dilp2) or reduction of gene dose for Chico and InR. Mean ± SD (n = 3–4 cohorts from one experiment).
(E) Changes in weight and wing area in mei-9 mutant adult flies of both genders after larval UV treatment. Mean ± SD (n = 4–5 cohorts, 10 flies per cohort).
(F) Increases in growth repression, i.e., decreases in wing area, seen after UV treatment inmei-9mutants can be rescued by overexpression of Dilp2 in the IPCs or
overexpression of Mei-9 in the epidermis. Mean ± SD (n = 6–10 samples). (See also Figures S3–S5.)
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improving survival but negatively affecting growth. Accordingly,
preventing dilp repression rescues systemic growth deficits but
leads to increasedmortality. Regulation of IIS activity thus seems
critical to properly balance the systemic response of the
organism to DNA damage.
Induction of NFkB/Relish Initiates a Second Phase
of the Systemic Response to DNA Damage
To gain more detailed insight into the signaling interactions
controlling this dynamic regulation of IIS activity and the overall
systemic response to DNA damage, we profiled genome-wide
expression changes in UV-treated wild-type (OreR) and mei-9
mutant larvae. Using serial analysis of gene expression (SAGE)
(Jasper, 2005; Velculescu et al., 1995) in combination with
next-generation sequencing (454 sequencing), we surveyed
transcriptomes of early third-instar larvae 24 hr after UV
(20 mJ/cm2) or mock treatment, a time point at which melaniza-
tion and IIS repression can be observed, and the transcriptome
differences between wild-type andmei-9mutant animals are ex-
pected to provide information on system-wide transcriptional
responses stemming from DNA damage. To analyze the tran-
scriptional response to IIS repression in a specific insulin target
tissue, we also analyzed gene expression profiles fromdissected
wild-type third-instar larval fat bodies in which GFP, Foxo, or
a dominant-negative version of Dp110 (Dp110DN) was acutely
overexpressed (using the TARGET system; McGuire et al.,
2003). The fat body plays a central role in systemic innate
immune responses, secreting a variety of immune-induced and
antimicrobial peptides (Lemaitre and Hoffmann, 2007), indi-
cating that genes expressed in this tissue might play an impor-
tant role in the regulation of systemic homeostasis after localized
DNA damage. Accordingly, larval fat bodies show significant
upregulation of Foxo target genes in irradiated mei-9 mutants
(see Figure 2C).
As expected by the systemic responses to UV irradiation
described above, we observed significant transcriptome
changes after UV-irradiation in both wild-type and mei-9
mutant larvae compared to controls. It was further evident
that the response of mei-9 mutant larvae was significantly
enhanced compared to wild-type animals irradiated at the
same dose. Thus, when compared to transcriptomes of
untreated wild-type animals, UV irradiation caused transcrip-
tional induction of 342 genes in wild-type animals, while 433
genes showed increased expression in mei-9 mutants (using
a cutoff of 3-fold induction and of transcript levels of at least
4 tags in 20,000; see Table S1 for raw data). Of all genes
induced in wild-type animals, 44% also showed increased
expression in mei-9 mutants (compared to untreated OreR
controls) either under basal conditions or in response to UV
irradiation, while only 26% of all genes showing increased
expression by UV in mei-9 mutants were also induced in
wild-type larvae (Figure 4A; Figure S6A). Importantly, these
differences between wild-type and mei-9 mutant animals ap-
peared to be quantitative, rather than qualitative, as the
classes of genes induced in both genotypes were similar
(see below), and as genes that were induced in both genotypes
generally showed stronger induction in mei-9 mutants
(Figure S6E).DevelWhile the transcriptomes of isolated fat bodies were signifi-
cantly distinct from the transcriptomes obtained from whole
untreated or irradiated larvae (genes involved in cuticle formation
or muscle function, for example, were completely absent from
the fat body libraries; see Supplemental Experimental Proce-
dures), we found a significant overlap (p < 0.0001) in the number
of genes induced inmei-9 mutants in response to UV irradiation
and in larval fat bodies in which IIS activity was repressed by
expression of DP110DN (Figure 4; Figure S6C, S6D, and S6F).
This overlap indicated that a large number of the identified upre-
gulated genes in irradiatedmei-9mutants could represent the fat
body response to IIS repression (Figure S6C). Interestingly,
these genes were also moderately induced in UV-irradiated
wild-type control larvae, further supporting the idea that wild-
type larvae mount an attenuated, but ultimately similar, systemic
stress response to localized DNA damage (Figure 4B and
Figures S6B and S6E).
We analyzed the 100 most highly induced genes (with an
annotated function) in mei-9 mutants after UV treatment
(compared to untreated mei-9 mutant controls) using a Gene
Ontology (GO) clustering analysis (Beissbarth and Speed,
2004). Strikingly, almost all of the significantly overrepresented
GO terms (11 out of 12 terms) were related to the innate immune
system response, including JAK/STAT target genes (such as
domeless, Figure 4C). A selected list of these genes (with GO
categories and subsequent p values for those categories) is
provided in Figure 4C. Interestingly, many of these genes are
targets of NFkB/Relish (Boutros et al., 2002; Hedengren et al.,
1999), including: Attacin B (AttB), Attacin C (AttC), Defensin
(Def), Spirit, as well as Turandot family members (TotA and
TotC), implicatingNFkB/Relish in the systemic response to local-
ized DNA damage. We confirmed the induction of selected
NFkB/Relish target genes (attA, attB, and totA) after UV irradia-
tion inmei-9mutants (low dose) and wild-type (high dose) larvae
by real-time PCR (Figure 5A and Figure S3C for transcriptional
change in OreR larvae after low-dose treatment).
Temporal and Spatial Regulation of Insulin
Signaling-Dependent NFkB/Relish Induction
The coregulation of NFkB/Relish target genes in UV-treatedmei-
9mutant larvae and in fat bodies with repressed IIS activity indi-
cated that NFkB/Relish activation is part of the systemic
response to localized DNA damage. Supporting this view, we
observed strong activation of a Relish reporter in UV-irradiated
mei-9mutants (using an attacin promoter driving GFP, Att-GFP)
(Tzou et al., 2000) (Figure 5C). Interestingly, in contrast to the
widespread systemic activation of JAK/STAT (Figure 1E),
Att-GFP expression is observed almost exclusively in the fat
body, indicating that the transcriptional induction of Rel target
genes observed in mei-9 mutant larvae occurs primarily in this
tissue. We tested this notion by suppressing NFkB/Relish
activity in fat bodies of mei-9 mutant larvae by using a Relish
RNAi (Agaisse et al., 2003), which significantly attenuated induc-
tion of attA after UV treatment (Figure 5B). Importantly, this
observation confirms that Relish itself is required for the full tran-
scriptional response to epidermal DNA damage in fat bodies of
mei-9 mutant larvae. Interestingly, Att-GFP induction after UV
irradiation is delayed compared to JAK/STAT activation (Fig-
ure 5D): maximal GFP fluorescence from the STAT-GFP reporteropmental Cell 20, 841–854, June 14, 2011 ª2011 Elsevier Inc. 847
Figure 4. Genome-Wide Transcriptome Analysis of mei-9 Mutant Larvae after DNA Damage
(A) Venn diagrams showing genes induced in: (left)mei-9mutants (mei-UV) and wild-type OreR (OreR-UV) larvae after UV treatment compared to untreated OreR
controls (OreR-Ctrl), as well as well as genes upregulated in untreatedmei-9mutant controls (mei-UV) compared to untreated OreR controls; and (right) larval fat
bodies with reduction of Dp110 (pplG4, tubG80ts/UAS-Dp110DN) compared to control fat bodies expressing GFP (DP110DN/GFP) as well as genes induced in
UV-treated mei-9 mutant whole larvae compared to untreated OreR controls (mei-UV/OreR-Ctrl).
(B) Relative abundance of sequenced tags (enriched for highly induced genes [mei-UV/OreR-Ctrl], 75 genes total) in all 6 libraries that were analyzed. Each line
color represents unique genes, and data points are calculated as a ratio of the number of tags for a gene in a particular library compared to the total number of tags
for that gene in all libraries.
(C) List of selected immune-related genes induced in mei-9 mutants after UV treatment (compared to untreated mei-9 mutant controls) with the corresponding
GO category found in the clustering analysis. Numbers represent quantity of sequenced tags in the individual libraries. p values designate significance of
overrepresented GO categories for the list of genes used in the analysis. (See also Figure S6.)
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expression is observed initially at 24 hr after treatment, and
peaks at 36 hr after irradiation. While larvae displayed varying
degrees of Att-GFP reporter activity between 24 and 36 hr after
treatment, only larvae with strong reporter activation (right panel
in Figure 5C) were selected in future experiments.
This observation suggests a temporal and spatial sequence of
events in the innate immune response to localized DNA damage,
with the early systemic activation of JAK/STAT and the induction
of the cellular response (via hemocytes) that is followed by
repression of dilp expression in IPCs and the induction of the
NFkB/Relish pathway in the fat body. Importantly, the profile of
Relish activation follows the time point of maximal IIS repression,
suggesting a potential causal link between the suppression of IIS
activity in fat bodies and NFkB/Relish induction. Supporting
such a link, our SAGE analysis revealed several genes in the
NFkB/Relish pathway to be upregulated in fat bodies in response
to repression of IIS activity (Figure 5E). These genes include the
IKK Kenny (key) and the apical caspase Dredd, which together848 Developmental Cell 20, 841–854, June 14, 2011 ª2011 Elsevier Iare required to activate Rel (Lemaitre and Hoffmann, 2007), as
well as rel itself. Using real-time PCR, we confirmed the induction
of rel and key in fat bodies acutely overexpressing PI3K/Dp110DN
(Figure 5F), and of rel in the fat body of mei-9 mutants at 36 hr
after irradiation (Figure 5F). Furthermore, we found that ubiqui-
tously overexpressing Dilp2 (using a heat-shock promoter
driving Dilp2, hs-Dilp2) (Rulifson et al., 2002) in a mei-9 mutant
background significantly reduced the number of larvae display-
ing Att-GFP reporter activity at 36 hr after UV irradiation (Fig-
ure 5G), while Foxo is required for the maximal induction of rel
transcription in wild-type larvae after UV treatment (Figure S3E).
Combined, these data show that repression of IIS activity in the
fat body is both sufficient and required to induce the NFkB/
Relish pathway, and indicate that the systemic suppression of
IIS activity in irradiatedmei-9mutant larvae causes this induction
in the fat body.
In order to assess whether systemic IIS repression can also
transcriptionally upregulate rel in other contexts, we analyzed
rel expression in starved larvae, which exhibit strong systemicnc.
Figure 5. Temporal and Spatial Regulation
of Insulin Signaling-Dependent NFkB/
Relish Induction
(A) attacin (attA), attB, and turandot A (totA) tran-
scription inmei-9mutant larvae after UV treatment
(20 mJ/cm2), and in wild-type OreR larvae after UV
treatment (50 mJ/cm2). Mean ± SD (n = 4–6
samples).
(B) attA transcription in mei-9 mutant larvae with
(mei-9; pplG4/UAS-iRel) or without (mei-9;
pplG4/+(w1118)) Relish (Rel) reduction in the fat
body (36 hr after UV treatment). Treated larvae
were selected for the presence of melanized
tissue. Mean ± SD (n = 4–6 samples).
(C) Induction of NFkB/Relish reporter (Att-GFP,
green) activity at various time points after UV
treatment inmei-9mutant larvae (mei-9; Att-GFP).
(D) Time course for JAK/STAT and Relish reporter
activity after 20 mJ/cm2 UV treatment (only larvae
with strong reporter activity were selected, far-
right panel in C). Mean ± SD (n = 3–4 cohorts from
one experiment).
(E) SAGE analysis revealed several genes in the
NFkB/Relish pathway to be upregulated in fat
bodies in response to repression of IIS activity.
Numbers represent quantity of sequenced tags in
the individual libraries.
(F) relish and kenny (key) transcription in larvae
with acute repression of Dp110 (UAS-Dp110DN) in
the larval fat body (pplG4,tubG80ts > UAS-
Dp110DN). Controls are larvae overexpressing
GFP (pplG4,tubG80ts > UAS-GFP). rel is also
induced in mei-9 mutant larval fat bodies after UV
treatment (36 hr). Treated larvae were selected for
the induction of the Att-GFP reporter (mei-9;
Att-GFP). Mean ± SD (n = 5–7 samples).
(G) Relish reporter activity (36 hr after UV treat-
ment) decreases with the induction of Dilp2 (hs-
Dilp2) in mei-9 mutants (mei-9; hs-Dilp2/Att-GFP)
compared to controls (mei-9; Att-GFP/+ (w1118)).
Mean ± SD (n = 3–4 cohorts from one experiment).
(H) rel and diptericin (dipt) transcription by
qRT-PCR in wild-type (OreR), Foxo mutant
(foxoW24/foxoW24), and Relish mutant (relE20/relE20)
larvae 4 hr after starvation. Mean ± SD (n = 4–6
samples).
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Systemic Responses to DNA Damage in DrosophilaIIS repression (Geminard et al., 2009). Indeed, wild-type larvae
display strong transcriptional upregulation of rel after starvation
(Figure 5H), and this transcriptional increase is completely in-
hibited in Foxo mutant larvae (foxoW24, Figure 5H), highlighting
the critical role of Foxo activation in this response. Interestingly,
Drosophila and vertebrate Foxo proteins regulate immune
homeostasis by transcriptional control of specific antimicrobial
peptides (Becker et al., 2010), while it has also been shownDevelopmental Cell 20, 841–8that NFkB/Relish is required for the
induction of certain AMPs after short-
term starvation (Brown et al., 2009; Wu
et al., 2007). The starvation-induced and
Foxo-mediated increase in Relish ex-
pression observed here, in turn, indicates
that Relish acts downstream or in parallel
of Foxo to boost or sustain AMP expres-
sion in starved animals. Accordingly, wefind that dipt induction after starvation is abolished in Relish
mutant larvae (relE20, Figure 5H). These results thus confirm the
interaction between reduced IIS activity and induction of
NFkB/Relish signaling and highlight the general physiological
relevance of these signaling interactions.
Altogether, these results extend the cascade of signaling
interactions that regulate systemic responses to localized DNA
damage. The extensive cellular innate immune response,54, June 14, 2011 ª2011 Elsevier Inc. 849
Figure 6. NFkB/Relish Activation in the Fat
Body Is Required to Normalize Insulin-
Signaling Activity after DNA Damage
(A) dilp2 and dilp5 transcription in mei-9 mutant
larvae 36 hr after UV treatment (20 mJ/cm2).
Larvae were selected for by Att-GFP reporter
activity (mei-9, Att-GFP) and melanization.
(B) thor and InR transcription in mei-9 mutant
larvae (Att-GFP +) 36 hr after UV treatment
(20 mJ/cm2).
(C) dilp2 and dilp5 transcription (after heat shock)
in larvae overexpressing Relish (UAS-Relish) in fat
bodies (pplGal4,tubGal80/UAS-Relish). Controls
are pplGal4, tubGal80/+(w1118).
(D) Both thor and InR transcriptional induction are
sustained 36 hr after UV treatment (20 mJ/cm2) in
larvae with reduction of Relish in the fat body (mei-
9; pplG4/UAS-iRel) compared to controls (mei-9;
pplG4/+ (w1118). Mean ± SD (n = 4–9 samples).
(E) Changes in wing area ratio after UV treatment in
mei-9 mutant adults with reduction of Relish
(UAS-iRel) in the fat body compared to controls.
Mean ± SD (n = 8–10 samples).
(F) Decrease in survival of double mutant mei-9
and relish (relE20) larvae (mei-9A2/y;; relE20/relE20)
after UV treatment. Controls are mei-9A2/
y; +/+(w1118). Mean ± SD (n = 3–4 cohorts from one
experiment). (See also Figure S7.)
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JAK/STAT signaling, is balanced by a hemocyte-dependent
repression of IIS activity. This repression causes Foxo-mediated
induction of the NFkB/Relish pathway in the fat body, initiating
expression of a battery of immune-induced molecules and anti-
bacterial peptides. Interestingly, this activation coincides with
a second phase of the systemic IIS response: 36 hr after irradia-
tion, the expression of dilps, as well as of the Foxo target genes
thor and InR (and to a lesser extent dilp6), recovers to normal850 Developmental Cell 20, 841–854, June 14, 2011 ª2011 Elsevier Inc.levels (Figures 6A and 6B; Figure S7C).
This normalization of IIS-associated
gene expression correlates with the
extent of NFkB/Relish activation, as
mei-9 mutant larvae in which Att-GFP is
not activated 36 hr after UV treatment
do not display normalized dilp transcript
levels (Figures S7A and S7B).
To determine if NFkB/Relish activity in
the fat body is sufficient for the recovery
of dilp expression, we acutely overex-
pressed NFkB/Relish in the fat body of
third-instar larvae. Strikingly, this results
in transcriptional induction of both dilp2
and dilp5 in the brain (Figure 6C). We
further asked if attenuating NFkB/Relish
activity at later time points had any effect
on the normalization of IIS activity.
Reducing Relish specifically in the fat
body (using RelRNAi) leads to basal
changes in Foxo target genes, including
upregulation of thor transcript levels (Fig-
ure S7D). Furthermore, the normalizationof Foxo target genes observed inmei-9mutant larvae 36 hr after
UV irradiation was blocked when Rel was knocked down specif-
ically in the fat body, as both thor and InR were still significantly
upregulated (Figure 6E).
We hypothesized that this sustained repression of IIS activity
after UV treatment in conditions of reduced NFkB/Relish activity
might impact the growth of the organism, and assessed changes
in wing size after UV treatment in mei-9 mutant larvae in which
Relish was reduced in the fat body. Indeed, the UV-induced
Figure 7. Model for the Temporal-Spatial Regulation of Signaling Interactions Regulating Systemic Adaptation in Response to DNA Damage
A proposed model for the temporal-spatial coordination of insulin signaling and innate immune signaling after genotoxic stress. In response to localized DNA
damage, JAK/Stat activation correlates with a hemocyte-dependent repression of IIS. Repression of IIS, in turn, may limit the cellular innate immune response as
well as promote a Foxo-dependent induction of NFkB/Rel signaling in the fat body. NFkB/Rel signaling is required to normalize IIS and maintain systemic
homeostasis.
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function conditions (Figure 6E). Furthermore, double mutants for
mei-9 and rel (relE20) (Hedengren et al., 1999)) were more sensi-
tive to UV treatment than mei-9 mutant controls (Figure 6F). Fat
body-specific activation of NFkB/Relish is associated with
recovery of normal IIS activity, suggesting a feedback loop that
represents a second phase of the systemic response to localized
DNA damage to promote growth homeostasis and survival.
DISCUSSION
Our results establish a temporal and spatial hierarchy of
signaling interactions that regulates the systemic response to
localized DNA damage in the Drosophila larva, revealing
a dynamic interaction between the UV-induced innate immune
responses and insulin signaling that is critical to ensure systemic
homeostasis, growth, and survival (Figure 7). A number of inter-
esting questions emerge from these findings.
While we find that hemocytes are critical for the repression of
IIS activity in response to DNA damage, the mechanism of this
effect remains to be explored. The changes in IIS activity could
be driven by crosstalk between hemocytes and other tissues
(potentially the IPCs or the fat body) or through secretion of
unknown factors into the hemolymph that in turn can affect
dilp expression and IIS activity in peripheral tissues. JAK/STAT
signaling appears to be a strong candidate for mediating interac-
tions between hemocytes and IPCs due to a previous finding
showing the importance for Upd secretion from hemocytes in
the regulation of fat body humoral response genes (Agaisse
et al., 2003). However, we have failed to identify a direct require-
ment for JAK/STAT signaling in IPCs: reducing JAK/STAT
signaling in IPCs, using a dominant-negative form of the dome-
less receptor, has no effects on survival, melanization, or dilp
transcription after UV treatment in an mei-9 mutant background
(data not shown). Similarly, overexpressing an active form of
JAK/Hop (hopTumL) in IPCs of mei-9 mutants has no effect on
dilp transcription (data not shown). It is thus possible that other
signalsmay influence dilp expression in IPCs, or that dilp expres-
sion is modulated indirectly in response to changes in insulinDevelsensitivity of peripheral tissues. One possible signal may involve
DAMPS, mitochondrial antigens produced from damaged tissue
that have been described as inducers of systemic inflammatory
responses to tissue damage in vertebrates (Zhang et al., 2010).
Identification of receptors for such antigens would allow testing
of this possibility.
The systemic response to low-dose UV irradiation is observed
primarily inmei-9mutant animals, suggesting that DNA damage,
which results in widespread cell death and tissue damage in the
epidermis (Babcock et al., 2009), is required to elicit the
response. Interestingly, however, we observe a similar, yet
attenuated, transcriptional response to UV irradiation in wild-
type animals indicating that innate immune signaling is also
part of a systemic, adaptive response to acute DNA damage
under normal conditions. Also, we see strong activation of these
signaling pathways in wild-type animals when treated with high
doses of UV. Our results suggest that when DNA damage cannot
be repaired (as inmei-9mutants), this response is expanded and
prolonged, modulating IIS activity to prevent excessive cellular
immune responses and to balance the need for tissue growth
with repair processes.
The innate immune response to DNA damage is likely to be
evolutionarily conserved and might play a role in age-associated
diseases, as it has recently been found that senescent mamma-
lian cells secrete inflammatory cytokines in a process termed
‘‘senescence-associated secretory phenotype’’ (SASP), which
is initiated by DNA damage (Rodier et al., 2009). Whether this
phenotype causes systemic IIS repression remains to be estab-
lished, but the repression of the GH/IGF-signaling axis in mouse
mutants for many DNA repair components (including the mei-9
homolog XPF) (Niedernhofer et al., 2006) indicates that such
interactions are likely. Interestingly, the antagonistic interaction
of inflammatory signaling and insulin signaling is not limited to
tissue damage responses but is also widely observed in mouse
models for type II diabetes (Fe`ve and Bastard, 2009). By charac-
terizing the tissue interactions and signaling hierarchies regu-
lating this antagonism in Drosophila, our study thus aids in
uncovering the evolutionary origins of those signaling interac-
tions and the etiology of metabolic diseases.opmental Cell 20, 841–854, June 14, 2011 ª2011 Elsevier Inc. 851
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NFkB/Relish and IIS that are important for the control of growth
homeostasis after localized DNA damage. Recent studies have
suggested that negative regulation of IIS activity is critical for
immune responses in Drosophila and vertebrates (Becker
et al., 2010), while interactions between the Toll-signaling
pathway (activating NFkB/Dif and Dorsal) and IIS have been
found to influence growth and metabolic homeostasis (Diangelo
et al., 2009). Accordingly, reduced IIS activity is sufficient to
promote tolerance against infection, indicating that these nega-
tive interactions are critical for the efficiency of the innate
immune response (Libert et al., 2006). Strikingly, we find that
reduced IIS activity induces NFkB/Rel in the fat body and that
this induction is sufficient to normalize IIS activity, promoting
normal growth and survival of the animal. Our data further
suggest that NFkB/Rel activity can influence dilp transcription,
as well as affect Foxo activity in the fat body. Complex interac-
tions between Foxo activation (through IIS repression) and
NFkB/Rel signaling may thus regulate systemic homeostasis.
While dilp expression in IPCs might be affected by secreted
NFkB/Rel targets from the fat body, it is also possible that
secreted Relish targets influence insulin sensitivity in peripheral
tissues, thus indirectly influencing dilp expression. Furthermore,
NFkB/Rel might directly repress Foxo activity in the fat body,
thus triggering compensatory dilp expression in IPCs.
Further characterization of these complex systemic signaling
interactions promises to provide important insight into regulatory
processes that govern the adaptation of the internal milieu to
innate immune, metabolic, and genotoxic challenges.
EXPERIMENTAL PROCEDURES
Drosophila Stocks and Culture
See Supplemental Experimental Procedures for a full list and description of fly
stocks. For all experiments (with the exception of those utilizing the TARGET
system, tubGal80ts), flies from crosses or stocks were allowed to lay eggs
on standard apple plates (with yeast paste) for 4–5 hr. Approximately
60–65 hr after egg laying, larvae were selected against the presence of
balancers with constituently active GFP (Act-GFP). GFP-negative larvae
(25–50 larvae depending on the experiment) were arranged on chilled apple
plates on ice, dorsal side up. Mock (untreated) controls were sorted and
arranged (dorsal side up) on ice before being put at 25C to develop.
UV-treated larvae were irradiated using a Stratagene UV Stratalinker 1800 at
various doses, and then put at 25C to develop.
For all experiments where genotypes are labeled as mei-9, both mei-9a/y
hemizygote male and mei-9a/mei-9a homozygote female larvae are included
in the samples (except for quantification of melanization; see Supplemental
Experimental Procedures).
Survivability Assay
Three to four plates (3–4 cohorts, containing 50 larvae per plate) were used for
both control and UV-treated groups for each individual experiment (3 total
experiments). Twenty-four hours after puparium formation, pupae were
counted in order to exclude those larvae that did not reach puparium forma-
tion. Survival rates were quantified as the percentage of adult flies (both
genders) that emerged after UV treatment calculated from the total number
of pupae on the plate. See Supplemental Experimental Procedures for more
specific methodology.
Melanization Phenotype Quantification
Four to six plates (3–4 cohorts, containing 50 larvae per plate) were used for
both control and treated groups for each individual experiment (3 experiments
total). Pupae (P24) displaying melanization were counted from each plate, and852 Developmental Cell 20, 841–854, June 14, 2011 ª2011 Elsevier Ia percentage of the incidence of melanization was calculated based on the
total number of pupae on the plate (excluding those larvae that did not reach
puparium formation). See Supplemental Experimental Procedures for more
specific methodology.
Quantification of Reporter Activity
Four to six plates (3–4 cohorts, containing 30–40 larvae per plate) were used
for both control and treated groups for each individual experiment (2 total
experiments). Percent reporter activity was calculated as the number of
GFP-positive larvae compared to the total number of larvae treated.
Hemocyte Quantification and Imaging
Larvae (two per sample) were washed in water, dried, and bled by tearing the
larval epidermis with two pairs of forceps into a 10 ml drop of 13 PBS placed
over Parafilm. To maximize the recovery of hemolymph and circulating cells,
the larvae were torn inside out, into the drop. The liquid was mixed and loaded
into a hemocytometer for counting. For each sample the hemocytes in all
25 squares (0.1 mm3 each) were counted. All quantification includes hemocyte
numbers from 7–15 pairs of larvae from multiple experiments.
STAT-GFP (using 103 STAT-GFP) expression in living hemocytes was
imaged by bleeding larvae into 10 ml of 13 PBS on a slide and placing a cover-
slip on top of the liquid, after adding andmixing 1 ml of DAPI-VECTASHIELD for
immediate imaging.
LacZ Staining
Fat bodies from larvae were dissected in PBS plus 2 mM MgCl2 and fixed for
10 min in 0.5% glutaraldehyde. Detection of b-galactosidase activity was
carried out at room temperature in staining buffer (PBS, 2 mM MgCl2, 5 mM
K4[Fe(CN)6], 5 mM K3[Fe(CN)6], 0.1% X-gal).
Reverse-Transcription and Real-Time PCR
Total RNA from whole larvae (four per sample) or dissected fat bodies
(fat bodies from six to seven animals per sample) were extracted using TRIzol.
cDNA was synthesized using oligo-dT. Real-time PCR was performed on
a Bio-Rad iQ5 detection system (using SYBR Green), and quantification of
expression was relative to actin5c. All quantification includes four to nine indi-
vidual samples from multiple experiments. See Supplemental Experimental
Procedures for a primer list.
SAGE Analysis
SAGE was performed as previously described (Jasper, 2005). mRNA was
isolated using Dynabeads (Invitrogen). Primers were adjusted for use with
454 sequencing. See Supplemental Experimental Procedures for more
specific methodology.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
seven figures, and one table can be found with this article online at doi:10.
1016/j.devcel.2011.05.011.
ACKNOWLEDGMENTS
We thank D. Bohmann and B. Biteau for their critical review of the manuscript.
This work was supported by the National Institute on Aging (RO1 AG028127 to
H.J.), National Eye Institute (RO1 EY018177 to H.J.), and National Institute of
Diabetes, Digestive, and Kidney Diseases (F32 DK083862 to J.K.).
Received: August 2, 2010
Revised: March 2, 2011
Accepted: May 14, 2011
Published: June 13, 2011
REFERENCES
Agaisse, H., and Perrimon, N. (2004). The roles of JAK/STAT signaling in
Drosophila immune responses. Immunol. Rev. 198, 72–82.nc.
Developmental Cell
Systemic Responses to DNA Damage in DrosophilaAgaisse, H., Petersen, U.M., Boutros, M., Mathey-Prevot, B., and Perrimon, N.
(2003). Signaling role of hemocytes in Drosophila JAK/STAT-dependent
response to septic injury. Dev. Cell 5, 441–450.
Babcock, D.T., Brock, A.R., Fish, G.S., Wang, Y., Perrin, L., Krasnow, M.A.,
and Galko, M.J. (2008). Circulating blood cells function as a surveillance
system for damaged tissue in Drosophila larvae. Proc. Natl. Acad. Sci. USA
105, 10017–10022.
Babcock, D.T., Landry, C., and Galko, M.J. (2009). Cytokine signaling medi-
ates UV-induced nociceptive sensitization in Drosophila larvae. Curr. Biol.
19, 799–806.
Becker, T., Loch, G., Beyer, M., Zinke, I., Aschenbrenner, A.C., Carrera, P.,
Inhester, T., Schultze, J.L., and Hoch, M. (2010). FOXO-dependent regulation
of innate immune homeostasis. Nature 463, 369–373.
Beissbarth, T., and Speed, T.P. (2004). GOstat: find statistically overrepre-
sented Gene Ontologies within a group of genes. Bioinformatics 20, 1464–
1465.
Boutros, M., Agaisse, H., and Perrimon, N. (2002). Sequential activation of
signaling pathways during innate immune responses in Drosophila. Dev. Cell
3, 711–722.
Broughton, S.J., Piper, M.D., Ikeya, T., Bass, T.M., Jacobson, J., Driege, Y.,
Martinez, P., Hafen, E., Withers, D.J., Leevers, S.J., et al. (2005). Longer life-
span, altered metabolism, and stress resistance in Drosophila from ablation
of cellsmaking insulin-like ligands. Proc. Natl. Acad. Sci. USA 102, 3105–3110.
Brown, A.E., Baumbach, J., Cook, P.E., and Ligoxygakis, P. (2009). Short-term
starvation of immune deficient Drosophila improves survival to gram-negative
bacterial infections. PLoS One 4, e4490.
Charroux, B., and Royet, J. (2009). Elimination of plasmatocytes by targeted
apoptosis reveals their role in multiple aspects of the Drosophila immune
response. Proc. Natl. Acad. Sci. USA 106, 9797–9802.
DeGregorio, E., Spellman, P.T., Tzou, P., Rubin, G.M., and Lemaitre, B. (2002).
The Toll and Imd pathways are the major regulators of the immune response in
Drosophila. EMBO J. 21, 2568–2579.
Defaye, A., Evans, I., Crozatier, M., Wood, W., Lemaitre, B., and Leulier, F.
(2009). Genetic ablation of Drosophila phagocytes reveals their contribution
to both development and resistance to bacterial infection. J. Innate Immun.
1, 322–334.
Diangelo, J.R., Bland, M.L., Bambina, S., Cherry, S., and Birnbaum, M.J.
(2009). The immune response attenuates growth and nutrient storage in
Drosophila by reducing insulin signaling. Proc. Natl. Acad. Sci. USA 106,
20853–20858.
Dionne, M.S., Pham, L.N., Shirasu-Hiza, M., and Schneider, D.S. (2006). Akt
and FOXO dysregulation contribute to infection-induced wasting in
Drosophila. Curr. Biol. 16, 1977–1985.
Ekas, L.A., Baeg, G.H., Flaherty, M.S., Ayala-Camargo, A., and Bach, E.A.
(2006). JAK/STAT signaling promotes regional specification by negatively
regulating wingless expression in Drosophila. Development 133, 4721–4729.
Fe`ve, B., and Bastard, J.P. (2009). The role of interleukins in insulin resistance
and type 2 diabetes mellitus. Nat. Rev. Endocrinol. 5, 305–311.
Galko, M.J., and Krasnow, M.A. (2004). Cellular and genetic analysis of wound
healing in Drosophila larvae. PLoS Biol. 2, E239.
Geminard, C., Rulifson, E.J., and Leopold, P. (2009). Remote control of insulin
secretion by fat cells in Drosophila. Cell Metab. 10, 199–207.
Gronke, S., Clarke, D.F., Broughton, S., Andrews, T.D., and Partridge, L.
(2010). Molecular evolution and functional characterization of Drosophila
insulin-like peptides. PLoS Genet. 6, e1000857.
Hedengren, M., Asling, B., Dushay, M.S., Ando, I., Ekengren, S., Wihlborg, M.,
and Hultmark, D. (1999). Relish, a central factor in the control of humoral but
not cellular immunity in Drosophila. Mol. Cell 4, 827–837.
Hull-Thompson, J., Muffat, J., Sanchez, D., Walker, D.W., Benzer, S.,
Ganfornina, M.D., and Jasper, H. (2009). Control of metabolic homeostasis
by stress signaling is mediated by the lipocalin NLaz. PLoS Genet. 5,
e1000460.
Ikeya, T., Galic, M., Belawat, P., Nairz, K., and Hafen, E. (2002). Nutrient-
dependent expression of insulin-like peptides from neuroendocrine cells inDevelthe CNS contributes to growth regulation in Drosophila. Curr. Biol. 12, 1293–
1300.
Jasper, H. (2005). Using SAGE to analyze signaling and development in
Drosophila. In SAGE: Current Technologies and Applications, S.M. Wang,
ed. (Norfolk, UK: Horizon Scientific Press), pp. 281–302.
Jassim, O.W., Fink, J.L., and Cagan, R.L. (2003). Dmp53 protects the
Drosophila retina during a developmentally regulated DNA damage response.
EMBO J. 22, 5622–5632.
Jiang, H., Patel, P.H., Kohlmaier, A., Grenley, M.O., McEwen, D.G., and Edgar,
B.A. (2009). Cytokine/Jak/Stat signaling mediates regeneration and homeo-
stasis in the Drosophila midgut. Cell 137, 1343–1355.
Junger, M.A., Rintelen, F., Stocker, H., Wasserman, J.D., Vegh, M.,
Radimerski, T., Greenberg, M.E., and Hafen, E. (2003). The Drosophila fork-
head transcription factor FOXO mediates the reduction in cell number associ-
ated with reduced insulin signaling. J. Biol. 2, 20.
Karpac, J., and Jasper, H. (2009). Insulin and JNK: optimizing metabolic
homeostasis and lifespan. Trends Endocrinol. Metab. 20, 100–106.
Karpac, J., Hull-Thompson, J., Falleur, M., and Jasper, H. (2009). JNK
signaling in insulin-producing cells is required for adaptive responses to stress
in Drosophila. Aging Cell 8, 288–295.
Lemaitre, B., and Hoffmann, J. (2007). The host defense of Drosophila mela-
nogaster. Annu. Rev. Immunol. 25, 697–743.
Leopold, P., and Perrimon, N. (2007). Drosophila and the genetics of the
internal milieu. Nature 450, 186–188.
Libert, S., Chao, Y., Chu, X., and Pletcher, S.D. (2006). Trade-offs between
longevity and pathogen resistance in Drosophila melanogaster are mediated
by NFkappaB signaling. Aging Cell 5, 533–543.
Luo, X., Puig, O., Hyun, J., Bohmann, D., and Jasper, H. (2007). Foxo and Fos
regulate the decision between cell death and survival in response to UV irradi-
ation. EMBO J. 26, 380–390.
McGuire, S.E., Le, P.T., Osborn, A.J., Matsumoto, K., and Davis, R.L. (2003).
Spatiotemporal rescue of memory dysfunction in Drosophila. Science 302,
1765–1768.
Nappi, A.J., Frey, F., and Carton, Y. (2005). Drosophila serpin 27A is a likely
target for immune suppression of the blood cell-mediated melanotic encapsu-
lation response. J. Insect Physiol. 51, 197–205.
Niedernhofer, L.J., Garinis, G.A., Raams, A., Lalai, A.S., Robinson, A.R.,
Appeldoorn, E., Odijk, H., Oostendorp, R., Ahmad, A., van Leeuwen, W.,
et al. (2006). A new progeroid syndrome reveals that genotoxic stress
suppresses the somatotroph axis. Nature 444, 1038–1043.
Okamoto, N., Yamanaka, N., Yagi, Y., Nishida, Y., Kataoka, H., O’Connor,
M.B., and Mizoguchi, A. (2009). A fat body-derived IGF-like peptide regulates
postfeeding growth in Drosophila. Dev. Cell 17, 885–891.
Pastor-Pareja, J.C., Wu, M., and Xu, T. (2008). An innate immune response of
blood cells to tumors and tissue damage in Drosophila. Dis. Model Mech. 1,
144–154.
Puig, O., Marr, M.T., Ruhf, M.L., and Tjian, R. (2003). Control of cell number by
Drosophila FOXO: downstream and feedback regulation of the insulin receptor
pathway. Genes Dev. 17, 2006–2020.
Radford, S.J., Goley, E., Baxter, K., McMahan, S., and Sekelsky, J. (2005).
Drosophila ERCC1 is required for a subset of MEI-9-dependent meiotic cross-
overs. Genetics 170, 1737–1745.
Rizki, T.M., and Rizki, R.M. (1983). Blood cell surface changes in Drosophila
mutants with melanotic tumors. Science 220, 73–75.
Rodier, F., Coppe, J.P., Patil, C.K., Hoeijmakers, W.A., Munoz, D.P., Raza,
S.R., Freund, A., Campeau, E., Davalos, A.R., and Campisi, J. (2009).
Persistent DNA damage signalling triggers senescence-associated inflamma-
tory cytokine secretion. Nat. Cell Biol. 11, 973–979.
Rulifson, E.J., Kim, S.K., and Nusse, R. (2002). Ablation of insulin-producing
neurons in flies: growth and diabetic phenotypes. Science 296, 1118–1120.
Sabio, G., and Davis, R.J. (2010). cJun NH(2)-terminal kinase 1 (JNK1): roles in
metabolic regulation of insulin resistance. Trends Biochem. Sci. 35, 490–496.opmental Cell 20, 841–854, June 14, 2011 ª2011 Elsevier Inc. 853
Developmental Cell
Systemic Responses to DNA Damage in DrosophilaSasaki, S., and Sakka, M. (1978). Effects of X rays on histogenesis of abnormal
epidermis and age dependency of radiosensitivity during metamorphosis of
the flesh fly, Sarcophaga peregrina. Radiat. Res. 73, 86–94.
Schumacher, B., Garinis, G.A., and Hoeijmakers, J.H. (2008). Age to survive:
DNA damage and aging. Trends Genet. 24, 77–85.
Sijbers, A.M., de Laat, W.L., Ariza, R.R., Biggerstaff, M., Wei, Y.F., Moggs,
J.G., Carter, K.C., Shell, B.K., Evans, E., de Jong, M.C., et al. (1996a).
Xeroderma pigmentosum group F caused by a defect in a structure-specific
DNA repair endonuclease. Cell 86, 811–822.
Sijbers, A.M., van der Spek, P.J., Odijk, H., van den Berg, J., van Duin, M.,
Westerveld, A., Jaspers, N.G., Bootsma, D., and Hoeijmakers, J.H. (1996b).
Mutational analysis of the human nucleotide excision repair gene ERCC1.
Nucleic Acids Res. 24, 3370–3380.
Slaidina, M., Delanoue, R., Gronke, S., Partridge, L., and Leopold, P. (2009). A
Drosophila insulin-like peptide promotes growth during nonfeeding states.
Dev. Cell 17, 874–884.
Stofanko, M., Kwon, S.Y., and Badenhorst, P. (2008). A misexpression screen
to identify regulators of Drosophila larval hemocyte development. Genetics
180, 253–267.
Tatar, M., Bartke, A., and Antebi, A. (2003). The endocrine regulation of aging
by insulin-like signals. Science 299, 1346–1351.
Tzou, P., Ohresser, S., Ferrandon, D., Capovilla, M., Reichhart, J.M., Lemaitre,
B., Hoffmann, J.A., and Imler, J.L. (2000). Tissue-specific inducible expression854 Developmental Cell 20, 841–854, June 14, 2011 ª2011 Elsevier Iof antimicrobial peptide genes in Drosophila surface epithelia. Immunity 13,
737–748.
van der Pluijm, I., Garinis, G.A., Brandt, R.M., Gorgels, T.G., Wijnhoven, S.W.,
Diderich, K.E., de Wit, J., Mitchell, J.R., van Oostrom, C., Beems, R., et al.
(2007). Impaired genome maintenance suppresses the growth hormone–
insulin-like growth factor 1 axis in mice with Cockayne syndrome. PLoS Biol.
5, e2.
Velculescu, V.E., Zhang, L., Vogelstein, B., and Kinzler, K.W. (1995). Serial
analysis of gene expression. Science 270, 484–487.
Wang, M.C., Bohmann, D., and Jasper, H. (2005). JNK extends life span and
limits growth by antagonizing cellular and organism-wide responses to insulin
signaling. Cell 121, 115–125.
Wood, W., Faria, C., and Jacinto, A. (2006). Distinct mechanisms regulate
hemocyte chemotaxis during development and wound healing in Drosophila
melanogaster. J. Cell Biol. 173, 405–416.
Wu, J., Randle, K.E., andWu, L.P. (2007). ird1 is a Vps15 homologue important
for antibacterial immune responses in Drosophila. Cell. Microbiol. 9, 1073–
1085.
Zhang, Q., Raoof, M., Chen, Y., Sumi, Y., Sursal, T., Junger, W., Brohi, K.,
Itagaki, K., and Hauser, C.J. (2010). Circulating mitochondrial DAMPs cause
inflammatory responses to injury. Nature 464, 104–107.nc.
